Abstract. Central and Eastern Europe is a region that is expected to need more data on the concentrations of persistent organic pollutants (POPs) in the ambient air in the future. Passive air sampling is a cheap screening method for comparison of contamination on various sites or for verification of information obtained by active samplers. Passive air samplers are sensitive enough to mirror even small-scale differences, which makes them capable of monitoring spatial, seasonal, and temporal variations. Different passive air samplers were employed between 1990 and 2013 from time to time in six Estonian air monitoring stations. The concentrations of PCB and its congeners, HCB, PeCB, HCH, and DDT (the same for PBDE, PCN, PCDD/F) in Estonian ambient air were very low, but they allow tracking transboundary air pollution. The main aim of this article is analysis of changes in the ambient air pollution in Estonia during a long period of time . Also, selection of Lahemaa background station for monitoring POPs in the European area is addressed.
Proceedings of the Estonian Academy of Sciences, 2015, 64, 2, 184-199 (UNEP, 2002a (UNEP, , 2002b . POPs are included in the UNECE Convention on Long-range Transboundary Air Pollution Protocol on Persistent Organic Pollutants (http://www.unece.org/env/lrtap/ pops_h1.html). The Executive Body adopted the Protocol on Persistent Organic Pollutants on 24 June 1998 in Aarhus (Denmark). Passive air samplers (PAS) can be used for the evaluation of point sources at the scale of some square maa air monitoring station was selected as a background station for monitoring POPs in European air. Although concentrations of different POPs in Estonian ambient air were very low, they allowed tracking transboundary air pollution carried to Estonia from outside the country (Roots, 1992; Agrell et al., 2001) . As the availability of data on the environmental levels of POPs in the ambient air is generally limited in Estonia (Nordic, 1999; Agrell et al., 2001; Schleicher et al., 2004a Schleicher et al., , 2004b Schleicher et al., , 2005 Roots and Sweetman, 2007; Roots et al., 2008 Roots et al., , 2010 Roots et al., , 2011 as well as in the whole of Central and Eastern Europe (CEE) (Nordic, 1999; Agrell et al., 2001; Lassen et al., 2003; Klánová et al., 2006 Klánová et al., , 2009 Škarek et al., 2007; Miluskaite et al., 2008; Bartoš et al., 2009; Dvorská et al., 2009; Pribylova et al., 2012) , the aim of this article is to provide information on ambient air pollution with persistent organic pollutants and changes in their emission levels in Estonia from 1990 to 2013. Another aim is to analyse the potential of the Lahemaa station as a background station for monitoring POPs in the European area.
MATERIAL AND METHODS

Sampling sites
Five sampling sites were situated in northern Estonia along the shoreline of the Gulf of Finland and one ambient air monitoring station on Vilsandi Island in western Estonia. Vilsandi is small: 6 km long and barely 3 km wide. A background EMEP (Co-operative programme for monitoring and evaluation of the long-range transmissions of air pollutants in Europe) site Lahemaa has been included in most European projects as a potential candidate for a background monitoring station in Europe (Table 1) .
Sampling
The passive air samplers (PAS) consisting of polyurethane foam disks (diameter 15 cm, thickness 1.5 cm, density 0.030 g cm -3 ; type N 3038; Gumotex Breclav, Czech Republic) housed in protective chambers (Fig. 1) were employed in this study. A theory of passive air sampling using similar devices was described elsewhere (Shoeib and Harner, 2002; Harner et al., 2004) . The sampling chambers were prewashed and solvent-rinsed with acetone prior to installation. All PolyUrethane Filter (PUF) disks were prewashed, cleaned (8 h extraction in acetone and 8 h in dichloromethane), wrapped in two layers of aluminium foil (before and after the sampling), placed in zip-lock polyethylene bags, and kept in the freezer prior to their deployment. The PUF disks were exposed for 4 weeks and the field blanks were obtained by installing and removing the PUF disks at all sampling sites. The average sampling rate of such device was estimated to be 3.5-7 m 3 per day (Kohoutek et al., 2006; Klánová et al., 2009; Pribylova, et al. , Table 1 . Characteristics of monitoring sites in Estonia (Roots and Sweetman, 2007; Roots et al., 2010) . Vilsandi itself is 6 km long and 3 km wide 2012) based on the co-employment of the active and passive samplers (giving 100-200 m 3 of air in 4 weeks of deployment). The exposed PUF disks were wrapped in two layers of aluminium foil, labelled, placed in ziplock polyethylene bags and transported in a cooler at 5 °C to the laboratory where they were kept in a freezer at -18 °C until analysis.
Sample analysis
The surrogate recovery standards (PCB 30 and PCB 185 for analysis of polychlorinated biphenyls (PCB) and organochlorine pesticides (OCP); d8-naphthalene, d10-phenanthrene, d12-perylene for analysis of polyaromatic hydrocarbons (PAHs)) were spiked on each sample prior to extraction. One laboratory blank and one reference material were analysed with each set of ten samples. All samples were extracted with dichloromethane in a Büchi System B-811 automatic extractor. After extraction, the sample volume was reduced under a gentle stream of nitrogen at ambient temperature. Fractionation was achieved on a silica gel column; a sulphuric acid modified silica gel column was used for PCB and OCP samples. As the internal standards for PCB and OCP and PAH analyses PCB 121 and terphenyl were used, respectively. Samples were analysed using a GC-MS instrument (GC 7890/MS-MS Triple Quadrupole 7000B; Agilent) with a J&W Scientific fused silica column DB-5MS (5% Ph) in electron impact ionization mode for 16 US EPA PAHs as described earlier 
Quality assurance and quality control
Recoveries were determined for all samples by spiking with the surrogate standards prior to extraction. Recoveries were for all samples 76-100% and for PCBs/OCPs and for PAHs 71-98%. Recovery factors were not applied to any data. Recovery of native analytes measured for the reference material varied from 88% to 103% for PCBs, from 75% to 98% for OCPs, and from 72% to 102% for PAHs. The laboratory blanks were under the detection limits for all compounds. The field blanks consisted of the pre-extracted PUF disks and were taken at each sampling site. They were extracted and analysed in the same way as the samples, and the levels in field blanks never exceeded 3% of the quantities detected in the samples for PCBs, 1% for OCPs, and 3% for PAHs, indicating a minimal contamination during the transport, storage, and analysis.
More detailed specification of sampling and sample analysis methods, limits of quantifications (for PCBs and OCPs 0.1 ng/PUF per disk), quality assurance/ quality control methods, and the use of field blanks are presented in (Jaward et al., 2004a (Jaward et al., , 2004b Schleicher et al., 2004a Schleicher et al., , 2004b Schleicher et al., , 2005 Gioia et al., 2007; Roots and Sweetman, 2007; Miluskaite et al., 2008; Klánová et al., 2009; Roots et al., 2010; Halse et al., 2011; Pribylova et al., 2012) . The analytical procedures were monitored using NS/EN ISO/IEC 17025 accredited routines Halse et al., 2011) .
RESULTS AND DISCUSSION
The relationship between the amount of POPs captured on a PUF filter and their concentrations in the sampled air has not been mathematically fully established yet. Thus only empirically estimated information (for example based on parallel active and passive measurements) is available to interpret the results (Jaward et al., 2004a (Jaward et al., , 2004b Kohoutek et al., 2006) . Results depend on whether they were obtained by passive or active measurements. Passive air sampling is a cheap screening method for comparison of contamination on various sites or for verification of information obtained by active samplers. Different PAS were employed between 1990 and 2013 from time to time in six Estonian air monitoring stations: Lahemaa, Kunda, Kohtla-Järve, Tallinn, Muuga, and Vilsandi. Distribution of groundboundary wind directions at regional level at Lahemaa corresponds to that measured at the Väike-Maarja meteorological station, at Kunda to the Kunda station, at Kohtla-Järve to the Jõhvi station, and at Tallinn and Muuga to the Tallinn-Harku station (Roots et al., 2010) .
Comparison of the previously reported results
The first field study was organized in October 1990 by Lund University in order to determine POPs in the air and precipitation from six Baltic Sea countries (Estonia, Finland, Latvia, Lithuania, Poland, and Sweden Agrell et al., 2001) . Pre -precipitation, Sed -deposition sedimentation. tions were high too, 6 and 9 pg/m 3 , respectively (Appendix 1, Tables 1A-3A). According to the data by Agrell et al. (2001) , the rivers and the atmosphere contributed about equally to the PCB load, while for POPs atmospheric deposition to the Baltic Sea was about five to seven times more important.
The second field study was organized in 1993-1994. , and Slitere 0.10 ng/m 3 ). The movement of some POPs, for example PCB, from southern sources outside Estonia was highly significant. Estonian sampling sites were relatively clean, but allow tracking transboundary air pollution carried to Estonia by southern and south-western winds (Roots, 1992; Nordic, 1999) .
Scientists of Lancaster University Environmental Chemistry and Ecotoxicology Group completed a large European-scale air sampling campaign in 2002 within the project 'POPs Fate Modelling'. Seventy-one samplers were successfully deployed across 22 countries. Among the stations were two Estonian stations: Lahemaa, a background EMEP station, and Kohtla-Järve, an industrial (oil shale chemistry) region station. In Estonia the so-called 'new pollutants', which were in Estonian air for the first time analysed, attracted attention. These were polychlorinated naphtalenes (PCNs) and polybrominated diphenyl ethers (PBDEs). The PAS were changed after a six-week period (15 June-30 July 2002), and analysed by the methods presented by Jaward et al. (2003 Jaward et al. ( , 2004a Jaward et al. ( , 2004b . For Estonia positive information was that the concentrations of PCN-12 isomers in the samples from the two Estonian air monitoring stations were under detection limit (Foday et al., 2004) and that PBDE values in Estonian air were generally low (Gioia et al., 2007; Roots and Sweetman, 2007) .
In 2004 PAS were deployed at 23 background locations along a broadly west-east transect in eight northern European countries (Ireland, the United Kingdom, Denmark, Norway, Sweden, Finland, Estonia, and Russia) and analysed for PCBs, PBDEs, PAHs, HCBs, and DDTs (Gioia et al., 2007) (Fig. 5) . Among them was the Estonian Lahemaa station, a background EMEP station (sampling period 10.08.-28.10.2004) ( Table 2 ). The cleanest air samples were collected from Norway and Estonia. By the data in (Gioia et al., 2007) , advection from southern and western Europe appeared to contribute to ambient POPs levels for countries in the central and north-eastern part of the transect (among these Estonia).
In the coordinated campaign in various European countries (34 countries and 86 sites) during late summer 2006 samplers were exposed for about 3 months (Halse et al., 2011) . Among the sites was the Estonian Lahemaa station (sampling period 06.07.-10.10.2006) ( Table 3 ). As at the beginning of August 2006 the wind was flowing from the north-east at a relatively high speed (4-7 m/s), it brought in air from the north-western part of Russia (Leningrad Oblast and Karelia) suffering several big forest fires at the time (Roots et al., , 2010 . Therefore for example naphthalene concentrations in the Lahemaa and Kunda stations increased 9 and 6 times and for benzo(a)pyrene 6.5 and 2.5 times, respectively . 79.44-260.99 --------* -sum of 7 compounds.
Fig. 5. Concentrations of POPs (pg/m
3 ) and PAHs (ng/m 3 ) in the air at the Lahemaa station and concentration ranges for other sites (Gioia et al., 2007; A. Sweetman, personal information) . HZA, HZB, HMB -replicate samplers at the Hazelrigg and High Muffles sites. 
Emissions of persistent organic pollutants
At present, the Estonian Environmental Agency uses the CollectER tool for the calculation of emissions from diffuse sources. Data on point sources (emissions and burnt fuel) are transferred from OSIS (Välisõhu saasteallikate infosüsteem -Estonian ambient air polluters infosystem) to CollectER (EEA, 2013) . The national emission inventory data that are stored in the CollectER annual inventory databases are used for reporting (Kohv et al., 2012 (Kohv et al., , 2013 . In 2010 the emissions of pollutants had increased due to increasing biomass consumption in the energy and residential sectors (Fig. 6 ) (Kohv et al., 2012) . These estimates are subject to large uncertainty as emission factors (EFs) used in this inventory were derived from only one general study and need not be representative for Estonia; moreover, the used EFs do not depend on the type of combustion appliance. For example, HCB EFs are two times higher in the cooking stove compared to the other combustion facilities, and PCDD/Fs EFs in the fireplace are ca 46 times higher compared to the masonry heater and the cooking stove. These three facilities are typically used in Estonian households (Mõts et al., 2013) . At the beginning of the 2000s the project 'Dioxin in Candidate Countries' was carried out on behalf and with financial support of the European Commission, DG Environment (Quass et al., 2004) . The very low dioxin emissions from two Estonian power plants, oil plant, and cement factory are due to the very efficient combustion in the furnaces thanks to very high temperatures, turbulence, and long retention times (Quass et al., 2004; Roots, 2004; Schleicher et al., 2004a Schleicher et al., , 2004b Schleicher et al., , 2005 Roots and Sweetman, 2007) .
As measurements of real dioxin emissions in Estonia were highly needed, in March 2003 PCDD/Fs emissions were measured from two power plants (Estonian and Baltic Power Plants) and the shale oil producing plant located near the town of Narva in NE Estonia. The Danish environmental assistance to Eastern Europe (DANCEE) sponsored the project, and dk-TEKNIK ENERGY & ENVIRONMENT (now FORCE Technology) was responsible for measurements, which were conducted in cooperation with the Estonian Environmental Research Centre in Tallinn (Schleicher et al., 2004b (Schleicher et al., , 2005 .
The two power plants produce more than 90% of the electricity consumed in Estonia by combusting more than 10 million tonnes of oil shale per year, which is around 85% of the total consumption of oil shale in the country. These power plants are the world's largest thermal power stations burning low-grade oil shale. All the measured concentrations of dioxins emitted from the Estonian and Baltic Power Plants are very low. The total annual dioxin emission from the two oil shale fired power plants (Fig. 7) into the air is estimated at 160 to 300 mg International Toxicity Equivalents (I-TEQ) (Schleicher et al., 2004b (Schleicher et al., , 2005 , which is more than ten times lower than previous estimations (Lassen et al., 2003) .
All the measured concentrations of dioxin emissions from the shale oil plant were very low, and much lower than the EU emission limit value for municipal solid waste incineration (MSWI): 0.1 ng I-TEQ/m 3 (n,d). The total emission of dioxins is estimated at 0.2 mg I-TEQ/year into air and 700 mg/year with ash (Schleicher et al., 2004a) . The naphthalene and PAH concentrations were much lower than the Danish emission limit values (Guidances for Air Emission Regulation, 2002). (Schleicher et al., 2004b (Fig. 8) while southeastern (SE), eastern (E), and north-eastern (NE) winds showed negative tendencies in winter. It appeared that there had been much less changes for certain directions (N, S) and months (April, July, October, November, December) and much more changes for other directions (W, SE) and months (January, February, March, May, June) (Jaagus and Kull, 2011) . Advection from the south and west of Europe appeared to contribute to ambient POPs levels for countries in the central and north-eastern part of the transect (Gioia et al., 2007) . Major emissions of α-HCH in Poland, γ-HCH in France, PCBs in Germany, Poland, and the Czech Republic, and DDT in the Czech Republic and Germany measured in 1997-1999 had significantly decreased by 2004 (Dvorská et al., 2009 . It was estimated that air from the south, southeast, and south-west accounted for approximately 80% of the wet deposition and 50% of the gaseous deposition of dioxins (PCDD/F) to the Baltic Sea (Sellström et al., 2009) . Fig. 8 . Distribution of ground-boundary wind direction at regional level according to the Väike-Maarja meteorological station located close to the Lahemaa monitoring site (Jaagus and Kull, 2011 Kohoutek et al., 2006) . Samples were exposed in eight CEE countries (Bosnia and Herzegovina, Czech Republic, Estonia, Latvia, Lithuania, Romania, Serbia, and Slovakia) (Fig. 9 ) over 4-weeks periods. The Estonian data are presented in Roots et al., 2008 Roots et al., , 2010 . During all four sampling periods of the study the wind speeds followed the main course of long-term seasonal wind speed at ground level (Kull and Laas, 2003) and at 850-or 500-hPa level (Keevallik and Soomere, 2008) . The concentrations of PCB and its congeners, HCB, PeCB, HCH, and DDT were very low in Estonian ambient air Roots et al., 2008 Roots et al., , 2010 and soil Sajwan et al., 2008; Kumar et al., 2009; Roots et al., 2011) .
Compared to 2006-2007, the concentrations of HCHs, PCBs, and DDTs in the ambient air at Lahemaa had significantly decreased by 2009-2012 ( Fig. 10 and Appendix 1, Tables 4A-6A). Two easily volatile PCB compounds (PCB 28 and 52) accounted for about 50% of the sum of the concentrations of 7 PCBs (PCB 28, 52, 101, 118, 138, 153, and 180) in the ambient air at Lahemaa. Long-range pollution transport is supposed to be a major pollution source. In an earlier study (Roots et al., 2010) we found that the relatively consistent ratio of HCB and PeCB fluctuated between 2.5 and 5.6 in 2006, but in 2009-2012 it increased to 11.9 (JulySeptember 2011). This indicates that the HCB and PeCB do not stem from incineration processes but are mainly evaporates of industrial HCB with a minor impact of PeCB. The evaporate theory is consistent with the finding of higher HCB and PeCB values in the warm months (July, August, September) of our studies. In July and August 2010 very high concentrations of particulate matter (PM) PM10 and PM2.5 were analysed in the Lahemaa ambient air, respectively 13.20 and 7.60 µg/m 3 in July and 11.03 and 6.94 µg/m 3 in August (Kabral et al., 2012) . To detect the PBDEs source the correlation between PCBs and PBDEs in Estonian soil was analysed. If there was a significant correlation, then the source of PBDEs would be the same as for the accumulation of PCBs in soil. However, the results showed a very weak correlation (r 2 = 0.165), and therefore the PBDE source in North Estonia is entirely different than that of PCBs (Kumar et al., 2009 ).
The import of OCPs was prohibited in Estonia at the end of 1967, and none of these pesticides have ever been produced in Estonia (Müür, 1996) . All the old OCP stocks in Estonia have been destroyed (Roots et al., 2010) . Based on the data on PCBs, OCPs, and PBDEs in a limited number of soil samples from Estonia, the contamination level with these POPs seems to be relatively low (Sajwan et al., 2008; Kumar et al., 2009; Roots et al., 2011 ).
CONCLUSIONS
The level of contamination with persistent organic pollutants seems to be relatively low in Estonia as the limited number of ambient air and soil samples suggest. The concentrations of HCHs, PCBs, and DDTs measured in the ambient air at Lahemaa in 2006-2007 had significantly decreased by 2009-2012. The very low POPs emissions from the Estonian two power plants, the shale oil plant, and the cement plant are due to the very efficient combustion in the furnaces achieved by very high temperatures, turbulence, and long retention times. The concentrations of PCB and its congeners, HCB, PeCB, HCH, DDT, PBDE, and PCN in the Estonian ambient air were very low, but they allow tracking transboundary air pollution carried into the country.
To assess long-term trends in the atmospheric levels of POPs, required for the effectiveness evaluation of the Stockholm Convention, selected background sites in the CEE region continue to be monitoring within the framework of the MONET passive sampling network. The Lahemaa background station seems to be an appropriate candidate for continuous background monitoring of POPs in Europe.
In order to improve the quality of the environment in Europe, the technologies used in power engineering and industry need to be optimized. Table 1A . Summary PCB concentrations in the air and precipitation and calculated depositions (Agrell et al., 2001 o.p-DDE 0.3 < LOQ 0.2 < LOQ < LOQ < LOQ < LOQ < LOQ < LOQ < LOQ < LOQ < LOQ < LOQ < LOQ < LOQ 0.2 0.2 0.1 < LOQ p.p-DDE 1.7
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